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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

IGNITION-DELAY DETERMINATTIONS OF FURFURYL ALCOHOL AND MIXED BUTYL
MERCAPTANS WITH VARTCUS WHITE FUMING NITRIC ACIDS USING MODIFIED
OPEN-CUP AND SMALL-SCALE ROCKET ENGINE APPARATUS

By Dezso Jd. Ladanyl, Riley 0. Miller, and Glen Hennings

SUMMARY

Ignition-delsy determinations of furfuryl alcohol and mixed butyl
mercaptans with various white fuming nitric acids were made at seversl
temperatures utilizing s modified open-cup apparatus and a small-scale
rocket englne of approximately 30-pounds thrust.

Approximete linear relstions were obtalned when the logarithm of
ignition deley was plotted against the reciprocal of sbsolute tempera-
ture for furfuryl alcohol and white fuming nitric acid (16 percent wa-
ter) in the small-scale engine and for mixed butyl mercaptans eand white
fuming nitric acid (2 percent water) in the modified open-cup apparatus.

Zero temperature coefficients of ignition delay were obtained for
furfuryl alcohol and white fuming nitric acid (2 percent water) in both
epparatus for the temperature ranges Investigated.

INTRODUCTION

The Bureau of Aeronautics, Department of the Navy, requested the
lewis lsboratory to determine temperature - ignition delay relations
of the following propellent combinations: (1) furfuryl alcohol and white
fuming nitric acid; and (2) mixed butyl merceptaens and white fuming
nitrie acid.

As part of .an effort to estseblish a generalized theory of ignition
of self-igniting rocket propellants, the Bureasu is attempting to derive
empirical relstlions from ignition-delay data reported by various organ-
izations. In order to simplify the task, the Bureau occasionally re-~
guests these laboratories to conduct and submit the results of certain
control experiments.
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A portion of the work requested has already been reported in refer-
ence 1. These resulis, along with new complementary experimental results
obtained to complete the program, are described herein.

APPARATUS AND PROCEDURE

The modified open-cup epparatus, one of the two apparstus used in
this Investlgetion, is shown in figure 1. It consiste of a test-tube
reaction vessel containing a smell amount of oxidant in which a sealed
glass ampule holding the fuel 1s immersed. The ignition delay 1s taken
as the time interval between the crushing of the ampule and the com-~
mencement of a continually persistent flame. The gpparatus and its
operation are described In detail in references 2 and 3.

The other gpparstus is g small-scale rocket engine of approximately
50-pounds thrust and is shown in figure 2, The ignition delsy is the
time interval between the meeting of the propellant Jets in the trans-~
parent combustion chamber and the gppearance of flame, and is measured
by & high-speed motion-picture camera. In their present forms, the '
apparatus and operating procedure are essentielly the same as those
described in detail in reference 4. All runs reported herein were made
with a propellant injection pressure of 450 pounds per square inch gage.

PROPELLANTS

Chemically pure furfuryl alcchol was used in the experiments
described in this report. The mixed butyl merceptans was taken from a
batch of fuel obtained from the Naval Alr Rocket Test Station for use
in & program described in reference 1.

The nltric acids were white fuming acids meeting USAF Specification
No. 14104, mixtures of these acids with varlous smounts of water, and
anhydrous nitric acid.

RESULTS AND DISCUSSION
Furfuryl Alcohol - White Fuming Nitric Aecid

Modifled open-cup. - In the modified open-~-cup apparatus, 12 runs
were made st temperatures from 22° to 2° C with furfuryl alcohol and
white fuming nitric acid containing 2 percent water by weight. The
results of these experiments are shown in table I. A plot of ignition
delay against temperature is shown in filgure 3.
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In the temperature range investigated, the average ignition delay
was constent at gbout 25 milliseconds. With one exception, the actual
values ranged from 21 to 29 milliseconds, the maximum deviation being
4 milliseconds from the average. Of course, a linesr zero-slope rela-
tion is also obtained when the logarithm of ignition delay is plotted
against the reciprocal of absolute temperature (fig. 4). This method
of plotting the data affords the opportunity to see whether or not the
ignition delay behaves according to the simple Arrhenius reasction-rate
equation.

In this series of runs, propellant viscosity had no significant
effect on ignition delay since 20 centistokes, the minimum value at
which viscosity appears to effect mixing efficiency in the modified open-
cup apparatus (ref. 1), was not exceeded.

In a series of 14 runs conducted earlier st -40° C with furfuryl
alcohol and a white fuming nitric acid containing 2.6 percent niltrogen
dioxide and less than 1 percent water by weight, the ignition delays
ranged from 30 to 72 milliseconds with 48.5 milliseconds as the average
(table I). The higher delays at this temperature may be attributed to
the high fuel viscosity (219 centistokes) and the low initisl reaction
rate. The scatter in the results at this temperature may be due to
unreproducible mixing conditions that occur with the supercooled
viscous fuel.

Small-scgle engine. - In the smsll-scale rocket-engine gpparstus,
14 runs were conducted at temperatures ranging from 50° to -40° C with
furfuryl alcohol and white fuming nitric acids containing 2, 5, end
16 percent water by weight. One run was also made at -40° C with an
acid conteining less than 1 percent water by weight. The results of
these experiments are shown in table II. A plot of the data showing
ignition delay as a function of temperature is shown in figure 5.

With the acid containing 2 percent water, the ignition delay from
50° to -20° C was 1643 milliseconds. The temperature coefficient of
ignition delay appeared to be zeroc in this range of temperatures. ,
Except for the run at 20° C (run 314), the combustion-chamber pressures
were between 270 and 300 pounds per square inch gage.

With the aclid contalining 5 percent water, the lgnition deleys
ranged from 18 milliseconds at 30° C to 70 milliseconds at -40° C. The
results of the run at -11° C (run 296) are questionable, because its
weak ignition point, as seen on the high-speed film record, indicates a
poor oxidant-fuel retlo due to improper bursting of the propellant-taunk
disks, No chamber pressures were availgble to check this observation.
In the other runs, the combustion-~chamber pressures decreased as the
propellant temperatures decreased; they ranged from 200 pounds per
squaere inch gage at 30° C to 80 pounds per square inch gage at -40° C.
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With the acid containing 16 percent water, the ignition delays
ranged from 43 milliseconds at 19° C to 225 milliseconds at =20° C.
Wegk ignitions and combustions were charscteristic of all these runs.
The chamber pressures were all low and ranged from sbout 180 to
110 pognds per square inch gage as the temperatures decreased from 19°
to -20% C.

As reported previously (ref. .4), the one run msede with scid con-
taining less than 1 percent weter yielded a delay of about 54 milli-
seconds st -40° C.

In every cese in these series of furfuryl alcohol runs, s heavy
carbonaceous residue was found deposited on the interior of the com-
bustion chamber.

The data from these runs were alsc plotted with the logarithm of
ignition delsy asgainst the reciprocal of absolute temperature (fig. 8).
With the acild containing 2 percent water, the resulting curve is a
straight horizontal line since the temperature coefficlent was zero in
the range investigeted. With the acid containing 5 percent water, no
satisfactory curve could be drawn through the data points. With the
acld containing 16 percent water, an approximate linear relation was
found to exist.

Mixed Butyl Mercaptans - White Fuming Nitric Acid

Modified open-cup. - A summary of the dats obtalned with the modi-
fied open-cup apperstus ueing mixed butyl merceptans and white fuming
nitric acid (USAF Specification No. 14104) has been reported previously
(ref. 1) and is shown in teble IIT.

Twelve runs were made with a fuel-oxidaent weight ratio of 0.30 in
each case. The lgnition delay increased with & decrease in tempersture,
ranging from sn average of sbout 55 milliseconds &t 21.5° C to 110 milli-
seconde or infinity (no ignition) at -18.5° C. A nondestructive explo-
sion gccompanied each ignition. In four trials, no ignition wes obtained
at -38.5° C.

When the logarithm of the ignition delsy is plotted against the
reciprocal of absolute temperature, an approximate linear relatlon is
obtained, as shown by the so0lid line in figure 7. This does not take
into account the infinitely long delays (no ignition) at -18.5° C and
-38.5° C.

Small-scale engine. - A summary of the data obtained with the smell-
scale rocket-engine apparstus using the same propellent combinsgtion was
also reported previously (ref. 1) and is shown in teble IV.

w
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A total of 13 runs was made with 5 resulting in explosions. With
the exception of two rums that resulted in doubtful ignitions (runs 199
and 201), the delay of all the measured runs at room temperature end
pressure and at fuel-oxidant welght ratios from 0.2 to 0.4 was 384 milli-
seconds. Esch one had g hard start. All the remaining runs at reduced
temperatures and pressures were terminated by explosions. The average
ignition delay for runs at room temperature and 50 millimeters of mercury
was 84 milliseconds. Two runs were made at -38° C and sea-level pressure.
After long delays of at least 400 milliseconds, both runs resulted in
destructive explosions.

The data for the runs.at sea-level pressure were plotted with the
logerithm of the ignition delay as a function of the reciprocsl of
gbsolute temperature (fig. 7). Since it has been shown by experience
that the modified open-cup usuelly ylelds ignition delasys that are equal
to or longer than those obtained with the small-scale engine for the
same propellant combinetions at the same conditions, it is possible thet
the slopes of the two curves in figure 7 are gpproximately equal and
linear from room temperature to sbout -20° C, and nonlinear below -20° C,
as Indicated by the dotted lines.

SUMMARY OF RESULTS

Ignition-delsy determinstions of furfuryl alcohol and mixed butyl
mercaptans with various white fuming nitric acids were made at several
temperatures utilizing a modified open~cup gpparstus and a smagll-scale
rocket engine of approximately 50-pounds thrust. The results of these
experiments are summarized as follows:

1. With furfuryl alcohol and a white fuming nitric acid containing
gbout 2 percent water by weight, the average ignition delsy in the modi-
filed open-~cup apparatus was constant and equal to sbout 25 milliseconds
from 22° to 2° C. With the same fuel and s similar acid, the average
ignition delay in the small-scale rocket engine was also constant and
equal to about 16 milliseconds from 50° to -20° cC.

2. With furfuryl slcohol and white fuming nitric acids containing
less than 1 percent water by welght, the ignition delays sat -40° ¢ were
gbout 49 milliseconds (average) in the modified open-cup apparstus and
54 milliseconds 1n the small-scele engine.

3. With furfuryl alcochol and & white fuming nitric acid containing
gbout 5 percent water by weight, the ignition delgys in the small-scale
engine ranged from 18 milliseconds at 30° C to 70 milliseconds at -40° c.

4. With furfuryl alcohol and a white fuming nitric acid containing
gbout 16 percent water by weight, the ignition delsys in the small-scale
engine ranged from 43 milliseconds at 19° C to 225 milliseconds at -20° C.
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5. With mixed butyl mercaptans and a white fuming nitric acid con-
taining 2 percent water by weight in the modified open-cup apparatus,
the ignition delays (sbout 55 millisec at 21. 50 C) increased with s
decreasing temperature until no ignition could be obtained at -38. 5° ¢. o
A nondestructive explosion accompanied each ignition. With the same
propellant combination in the small-scale engine, the ignition delay of
all measured runs (except two that resulted in doubtful ignitions) at
room temperature and pressure, and at various fuel-oxlident welght ratios
was 38&4 milllseconds. All runs at reduced temperatures and pressures
were terminated by exploslons.

2974

6. Plots of the logarithm of ignition delay against the recliprocal
of absolute tempersture yleld approximate linear relations for furfuryl
alcohol and white fuming nitric acid (16 percent water) in the small-
scale engine and for mixed butyl mercaptans and white fuming nitric scid
(2 percent water) in the modified open-cup apparatus for the temperature
ranges investigated. Simlilar plots for furfuryl alcohol and white fuming
nitric acid (2 percent water) in both apparatus yield straight horizontal
lines since the itemperature coefficient of ignition delay is zero for the
ranges Iinvestigeted. Similar plots for furfuryl alcohol and white fuming
nitric acid (5 percent water) and mixed butyl mercaptans and white fuming
nitric acid (2 percent water) in the small-scale engine were inconclusive
with respect to the shape of the curves. .

Lewis Flight Propulsion Legboratory -
National Advisory Committee for Aeronautics
Cleveland, Chio, June 1, 1953
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TABLE I. ~ SUMMARY OF DATA OBTAINED WITH MODIFIED OFEN-CUP APPARATUS

EUrfuryl alcohol and white fuming nitric acidé]

Propellant temperature, | Ignition delay,
O¢c millisec

Acid with 2 percent water by weight

22 26
22 24
21.5 29
21.5 23
9 26
9 21
8.5 28
2 42
2 29
2 25
a 22
2 21

Acid with <l percent water by weight

-40 848.5

8Average of 14 runs ranging from 30 to
72 milliseconds.



TABLE II. - SUMMARY OF DATA OBTAINED WITH SMALL-SCALE ROCKET ENGINE APPARATUS

[Furfuryl alcohol and several white fuming nitric acids]

Run | Average Maxinum Time to Temperature, Lead Time Ignition
propellent | combustion~ | attain o¢ propellant | between delay,
tempera- chamher - into com- Jet millisec
ture, preggure, combuation- | Oxidant | Fuel | Injector | Constent | Nozzle | Ambient | bustion entries

oc 1b/sq in. | chamber head tempera-~ | plate | air chamber into
gage preasure, ture bath cambustion
-8ec chamber,
miilisec
Acld with < 1 percent water by welght )
73| -40.0 2170 Y34 - J-t0 | -1 | 106 | 12.2 | 17.2 | oxident | ess [ ss.
Aolid with 2 percent water by weigh;
520 50,0 285 0.6 50.0 50.0 51.7 51.1 30.6 30.0 Fuel 0.2 15.8
| 313 40.6 290 .7 40.6 40.6 41.1 41.1 23.9 25.6 Oxlidant .6 18.1
321 30.3 280 .6 30.0 30.6 30,0 30.0 20,6 18.3 Oxidant 24,2 18.9
| 314 19,7 230 .6 20.0 19.4 20,0 19.4 25,6 27.8 Fuel 8.1 14.8
) 322 10,0 297 .6 1.0 10.0 10.6 10.6 23,3 19.4 Fuel 14.9 15.4
1323 -0.3 280 .6 0.0 -0.8 0.6 0.0 20.8 25.0 Oxidant 5.0 13.1
| 324 -19.7 270 .6 -20.0 |-19.4) -18.4 -19.4 18.1 26.7 Oxidant 20.2 16.9
? Acid wiFh 5 percant waﬁer by welght
E 298 30.0 200 0.4 20.0 30.0 30.0 29.4 20,0 17.8 Oxidant 2.7 18.1
i 297 9.4 130 5 9,4 ———— 9.4 9.4 17.2 22.2 Fuel 18.4 18.1
" 296 -10.6 (0) (e) ~10.6 —— -10,0 ~10.6 11.7 13.9 Oxidant 25.8 58.8
i 294 -40.0 80 .8 -40.0 ——— ~39.4 -41,1 13.9 .12.8 Oxidant 40.5 69.9
{ Acld with 16 percent water by welight
; 299 19.4 187 0.4 19.4 19.4 20,0 20.0 24.4 25.6 Fuel 8.8 42.7
M 300 0.0 150 .5 0.0 0.0 0.6 Q.6 22,2 21,7 Oxidant 9.4 84.8
301 ~20.3 113 .3 ~20.0 -20.8 -18.3 -18.9 17.8 20.0 Fuel 11.4 225
i 8pesk pressure; maximum pressure possible was probably not’ attained.
~ Ppipe to attain peak combustlon-chamber presgure.’
®No chamber-pressure record.
fi ™~
) A 7162 .

62HESH WY VOVN
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TABLE ITT. - SUMMARY OF DATA OBTAINED WITH MODIFIED OPEN-CUP APPARATUS

[Mixed butyl mercaptans and white fuming nitric acid contalning
2 percent water by weight, ref. 1]

Propellant Fuel Oxidant Fuel- Ignition
temperature, | quantity, | quantity, | oxidant delay,
S¢ ml ml weight miliisec
ratio
21.5 1.4 2.6 0.30 852
21.5 1.4 2.8 «30 &gy
3.0 1.4 2.6 .30 253
3.0 1.4 2.8 .30 a70
2.1 1.4 2.6 .30 ags5
-18.5 1.4 2.6 .30 8110
-18.5 l.4 2.6 «30 No ignition
-18.5 l.4 2.6 30 No ignition
-~-38.5 1.4 2.8 30 No ignition
-38.5 1.4 2.6 « 30 No ignition
-38.5 l.4 2.6 « 30 No ignition
-38.5 1.4 2.6 « 30 No ignition

SNondestructive explosion aécompanied ignition.



TABLE IV. - SUMMARY OF DATA OBTAINED WITH SMALI-3CALE ROCKET RNMGINE APPARATUS
[Fixed butyl mercaptans and white fumlng nitric aaid containing 2 percent watar by weight, refl. 1]

071

Fun | Average | Initial Maxlmm Time t0 Temporature, Lead Time Time Fuel- Ignition
pro- smbient combus- | attain - % propellant { betwean | between | cxidant | delay,
pellant | pressurs, | tion maxrimum intoc com= | Jet ignition | weight |[miilisea
tempera~ m Hg ohamber oombug-~ Oxildant | Puel |Injector | Conatant | Hozzle | Amblent [ buxtion entries | and ex- | ratio
ture, reasure, | tlon head tempera- | plate |alr chambex into plosion,

G Eb/uq in. | chamber ture bath combus- | milliseg
gage preasure, tion
[T
millisec

185 2.2 n760 280 1.3 22.2 22.2 k.2 2e.2 20.6 22.2 Oxldant 0.8 0.30 35.0

198 2p.2 »780 315 l.2 22.2 22.2 22,2 Aa2.8 20.8 22.8 Fuel 13,2 +30 41.4

202 | ~87.8 =160 b; ib} ~37.8 —= | «%6.7 -37.8 11.7 17.2 Fuel 0.3 0.7 0.30 4058

2218 | -BT.8 =760 b b -37.8 |-37.8 | 57,2 =37.8 15.3 13.5 Fuel .8 (e) .30 575

200 a.7 48.8 1 b 2.7 2l.7 21.7 22.2 18.9 2.7 Fusl 3.4 0.8 0. 72.5

211 22.2 £0,0 b b 22,2 22.2 2.2 2.2 18.9 20.0 () (o) {a) .50 Se)

212 22.2 45.5 b b 22.2 22.2 21.7 2.2 19.4 19.4 Fusl 7.4 -l .5a 5.5

187 20.6 760 318 1.5 22.2 22.8 23,8 az.e 2.1 a22.8 Oddant Q.6 D.ﬂ 37.5

108 22.¢ =780 310 1.8 22,2 22.2 22.2 22.2 21.1 25.3 Cxddant 1.6 0 35.8

199 g2.¢2 »780 T by 22,2 22.2 2.2 29,2 20,0 a.l Fua) 3.6 20§ E536

201 [ ee.p =760 f z 2.2 | 22.2] 222 22.2 1.1 | 22.2 Fuel .3 . 4, 8>510

b3 | ep.o e .8 g2.2 | 2.7 | =8 - 22,2 | 23.3 {1) (1& . (1,3

4| 22,2 »7580 180 1.0 22,2 | 22.2| 23,2 20,2 2.1 | 2.2 tixidant « . o

:‘Hu{y eylindricel stesl shield alipped over plastic combuetian chamber to oontain explosicn.
Bxploslion.
Ogxplosion gocurred after end of film roll.
{SIgnition ococcurred afimr end of fllm roll.
‘“YNo photographle reccrds becatse of defactlive eleotric systeam.
Reatriction in lins from comwetion chamber 4o pressure recorder.
‘Bpoubtful ignitiem.
: made in complete derkneas for visual check of doubtfyl ignitlons of runa 159 and 201.
51 o f11m records made.
‘JPositive ignition, obasrved sudibly and visually,

gzECSH WH VIVN




CA-2 back 2974

1 A L} » LY 3
Camorn-
oncillogreph
wnit
Elsotrando ) . ! | . PR
tiner mild S : -
Guids tube " - ) i ! i ¥ , ! .
. \ A ¥ ) i L) 4icritione (for cax.ta
[ : . . | 3 ¢l omp )
. "
Elsotrmic relay, suplifier,

and nodulator aywten

Migrophane (for camera

Oﬂdllﬁmlnh)—\\

Photoelectrio ploknp
mits (for onodllograph
end tiner, respectively)

1 . R
i".,.ll
l'rurce'mc:.u.'.; el
b © fur casera

(2) Diagrammtic sketioh. {b) Photograph of assembly.

Filgure 1., - Modified open-cup igoition-delay apparatus.
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Ignition delay, millisec
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. Figare 3. - Ignition delsy of furfuryl alechcl and white fuming nitrie acld containing 2 percent water by welght (modified
open-cup apparatus) . :
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Ignition delay, millisec
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Pigare 4. - Logarithm of ignition deley against reciprocal of absolute temperature for furfuryl
alcohol and white fuming nitric scid containing 2 percent water by welght (medified open-cup
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Ignition delay, millisec
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Figure 5. - Ignition delay of furfuryl alcohol and several white fuming nitric acids (small-scale rocket
engine apparatus).
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Ignition delay, mlillisec
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Figure 6. - Logarithm of ignitlon delay against reciprocal of sbsclute temperature for
furfuryl alcohol and several white fuming nitric aclds (emall-scale rocket englne
epparatus).
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Ignition delay, milliasec
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Figure 7. - Logerithm of ignition delay against reciprocal of absolute temperature for wmixed butyl mercaptans and
vhite fuming nitric acid containing 2 percent water by weight.
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